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OF 
MONOLITHIC CONCRETE FRAME - PRESTRESSED 


K. P. Milbradt* 
T. J. Kofodimos* 


I - INTRODUCTION 

A project entitled "Prestressed Concrete Frames" 
was commenced in 1950 for Port Hueneme Construction Batta- 
lion Center in California by the Department of Civil En- 
gineering of the Illinois Institute of Technology. The 
object of the project was to investigate the design and 
construction problems connected with continuous pre- 
stressed concrete frames. The first aim in this respect 
was to design a prestressed concrete frame for moments 
similar to those which occur in a continuous concrete 
structure. The designed frame was constructed and 
tested in the laboratory to corroborate certain design 
assumptions and the distribution of prestressing and live 
load moments. This paper presents a solution to the 


problems encountered in designing continuous prestressed 


* K. P. MILBRADT, Ass't Professor, 
Illinois Institute of Technology. 
T. Je KOFODIMOS, Structural Engineer. 
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FIG, 1 = Schematic diagram of frame illustrat 
center-line dimensions and sections use 
in the analysis. 


FIG, 2 = Load and support condition creating live 
load moments My) and dead load moments 


Mp, in the frame members. 
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FIG, 3 — Load and support condition creating live load 
moments Mr, and dead load moments Mp) in 


the frame members. 
P 
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FIG, 4 — Load and support condition creating live load 
moment and dead load moments Mp, in 


the frame members, 


FIG. 5 — Load and support condition creating live load 
moments My, and dead load moments Mp> in 
the frame members. 
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concrete structures with an application to the afore- 
mentioned frame. Familiarity with the basic concepts 
of prestressed concrete design is assumed. 

The geometry of the frame, as illustrated in 
Fig. 1, was chosen to facilitate reversal of moments in 
the members by varying the concentrated load and support 
positions. Thus, moments such as encountered in the 
usual building or continuous bridge were reproduced in 
the frame. From consideration of the influence lines 
for moments at critical sections, the load and support 
positions illustrated in Figs. 2, 3, 4 and 5 were 
chosen as imposing the desired moments on the frame 
members for laboratory testing. The usual "trial and 
error" method of design would not suffice in efficiently 
obtaining a solution for a continuous structure whose 
members are subjected to a reversal of moments - for 
example, this frame. Thus a more general approach in- 
volving equations was developed to assist in determining 
the required section moduli, prestressing forces and 


prestressing thrust eccentricities in terms of the ap- 


plied moments. These equations are used to design 


"critical" sections of the members and to prescribe 


bounds of the prestressing thrust eccentricity through- 
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out the members. The derived equations are presented in 
Appendix "A" and may be used for determinate or indeter- 


minate prestressed concrete structures. 


II — DEFINITIONS AND NOTATIONS 


Insofar as possible, the definitions and nota- 
tions for prestressed concrete proposed by the Joint 


A.C.I. — A.S.C.E. Committee 323 are used. 


II... Denote member I, II, III res~- 


pectively; used as a superscript. 


1,2,3000 Denote section 1, 2, Of 


a member; used as a superscript. 


Initial prestressing force. 


Prestressing force after release. 


Effective prestressing force after 


deduction of all losses. 


Effective prestressing force in 
member I, after deduction of all 
losses, when considered constant 


throughout the member. 


| 
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Effective prestressing force after de- 
duction of all losses at section j of 


member I. 


7 + + « Ratio F/F, may be considered constant and 
equal to 0.85 for post—tensioned members 
with steel strains of 4.2x10°. For 
pretensioned members with the same steel 
strain, a constant value of 0,80 may be 


used. 


Area of entire concrete (steel area not 


deducted). 


Total steel area, in simply reinforced 


section of member I, IIooe o 


arsb) Area of bottom (top) reinforcement in a 


42st} doubly reinforced section j of member I. 


CoBeCe Center of gravity of entire concrete 


section. 


Center of gravity of steel area. 


Total depth of section. 


| 
| 
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II 
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Effective depth of section. 
Width of rectangular section. 


Moment of inertia of entire concrete 


section about c.g.c. 


Section modulus of bottom (top) fiber re- 


ferred to the ceg.ce 
Ratio « 


Cable ordinate as measured from the 


CoBeSe tO Coole 


Bending moment due to the dead load 
active when the prestress is being es- 
tablished. 


Live load moment due to all live loads 
as well as all additional (super- 
imposed) dead load per unit length 
applied after the prestress has been 
established. 
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« Ratio min 3 
ky, is substituted as a positive quantity in 
the equations of Appendix "A" when min roe 
and max urs are of opposite sign. 


Ratio of the dead load moment corresponding 
to the supporting condition for which 

min uns is obtained, to the dead load 
moment corresponding to the supporting con- 
dition for which max utd is obtained; 

Kp is substituted as a positive quantity 
in the equations of Appendix "A" when the 
dead load moments of this ratio are of 
opposite sign. In the usual case of 
fixed supports and constant dead load 


moment for each section of any member, 


kp = -l. 


ce Ratio max where is the dead 


load moment corresponding to the supporting 


condition for which max rom is obtained. 


I 
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« Equivalent thrust eccentricity due to the 
dead load after release and after deduc- 
tion of all losses in the prestressing 


force, respectively; 


Fy F 


+ Equivalent thrust eccentricity due to the 
live load after release and after deduc- 
tion of all losses in the prestressing 


force, respectively; 


Meo», - The determinate prestressing moment equal 
to F,e or Fe, respectively, de- 


pending on the actually acting prestress- 
ing force. 


(Myo), The indeterminate prestressing moment due 

(My) to prestressing and the continuity of 
the structure, depending upon the ac- 
tually acting prestressing force. 
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« Prestressing thrust eccentricity due to 
the prestressing force (before and after 
losses, respectively), the cable eccen- 
tricity and the continuity of the 


structure; 


F 
When 7 is constant for all members, 


®T>) er 


Resultant thrust eccentricity after re- 


lease and after deduction of all losses 


in the prestressing force respectively; 
* Do * “Lo 

Permissible concrete compressive stress, 


Concrete stress at C.g.Se 


Concrete stress at the bottom fibers 
after release and after deduction of 
all losses in the prestressing force, 


respectively. 
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Concrete stress at the top fibers after 
release and after deduction of all 
losses in the prestressing force, res- 


pectively. 


Loss of steel stress due to elastic de- 


formations of concrete upon transfer. 


Loss of steel stress due to shrinkage of 


concrete. 


Steel stress loss due to 


concrete. 


Steel stress loss due to creep of steel. 


Total steel stress loss, 


Prestress steel stress after release, 


Prestress steel stress before release, 


Prestress steel stress after all losses. 


Steel working stress, 


Ultimate strength of steel. 


> 
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Modulus of elasticity of steel. 


Modulus of elasticity of concrete. 


LIL - PROPOSED DESIGN PROCEDURE 

The analysis of prestressed concrete structures 
differs from that of ordinary reinforced concrete in that 
a@ more careful determination of the maximm and minimum 
moments is required. These values should be determined 
for sections along the entire length of the structural 
members rather than at a few selected "critical" sections. 
Furthermore, the analysis of indeterminate and determinate 
prestressed concrete structures differs in that the eccen- 
tricity of the prestressing thrust eccentricity in the 
former is generally displaced from the cable curve because 
of the continuity. That is, the fixed end moments due to 
prestressing are distributed through the structure. The 
following chronological design procedure is suggested, 
allowing for these differences: 


(a) INFLUENCE LINES - Influence lines for bending 


moments at the likely critical sections (sections of maxi- 
mum amplitude of moment variation) are determined for se- 
veral ratios of member stiffnesses. In case of anticipated 


E, 
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uniform cross-sections, the stiffness factor is4I. 
L 


When a variable cross-section member is desirable, the 


stiffness factor is again proportional to I, where 
L 
I, is the moment inertia at the section with the minimum 


depth in the member. The proportionality factor is a 
function of the assumed depth variation and may be calcu- 
lated or obtained, for rectangular sections, from 
tables*, 

(b) PRELIMINARY SELECTION OF STIFFNESS RATIOS - 
The influence line results allow calculation of the al- 
gebraic maximum and minimum live load moment values at 
the critical sections for the several stiffness ratios 
of step (a). These values are compared and stiffness 
ratios are assumed so that the live load moment varia- 
tion for any critical section and for sections along 
each member is a minimum. The minimum live load 
variation at a section is desired since the concrete has 


zero allowable tensile stress, and the resultant thrust 


*HANDBOOK OF FRAME CONSTANTS - Beam 
Factors and Moment Coefficients for 
Members of Variable Section — Port- 
land Cement Ass'n, Chicago. (1947). 
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eccentricity must be within the kern of the section. The 
least moment variation (absolute value) along a member is 
desirable since this results in an economical uniform sec- 
tion for the member with more volume of the material sub- 
jected to higher stresses. 

(c) FIRST DESIGN TRIAL - 

(1) Maximum and minimum live load moments, 
based upon the assumed relative stiffnesses, are de- 
termined for a number of sections along the struc- 
tural members. The number of the sections will de- 
pend upon the individual case and will usually vary 
from five to ten for each member; 

(2) Neglecting the effect of dead load 
moments, calculate the required critical section 
moduli from Equation (1) in Appendix "A" and the 
computed live load moments. 

(d) SECOND DESIGN TRIAL - 

(1) Revise the live load moments to conform 
with the new stiffness ratios; 

(2) Recalculate the required section moduli 
at the critical sections using Equation (1) of 


Appendix "A" and neglecting dead load effect; 
(3) Calculate the dead load moments for 
areas corresponding to the above section moduli. 
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(e) THIRD DESIGN TRIAL — The proper equations 
in. Appendix "A" are used to calculate the required section 
moduli, The procedure is repeated (this third trial 
usually suffices) until the sections on which the dead 
load moments and stiffness ratios are based are in agree- 
ment with the required sections. 

(f) DETERMINATION OF CABLE ORDINATES - 

(1) The final sections being know, the 
proper equations of Appendix "A" are used for the 
determination of the required prestressing force 
in each member and the required prestressing thrust 
eccentricity at each designed (critical) section, 
as well as the limits of the variation of the pre- 
stressing thrust eccentricity at the other sections 
selected in the "First Design Trial". Use equations 
(4) and (5) of Appendix "A" for these calculations. 
A diagram of the structure is then drawn, using the 
member centroidal axes. The limits of the pre- 
stressing thrust eccentricity are plotted for the 
above sections, through which a smooth curve is 
drawn. The prestressing thrust eccentricity is 
then evaluated graphically for the sections at 
which limits were set; 
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of 


(2) The geometrical characteristics of 
the cable curve of each member are selected by 
visual inspection of the live load moment diagram. 
The cable curves are often assumed as parabolic of 
the second, third or fourth degree which are de- 
fined by one, two or three parameters respectively. 
Thus the equation of the cable curve for member I 


is: 


where "x" is the independent variable along the 
member length and the parameters are the unknown 
cable ordinates at sections 1, 2, 3 eooo MN in 
member I, The number of parameters used depends 
upon the type of cable curve considered necessary, 
Long spans may necessitate assuming a powers or 
trigonometric series with n equal to five. The 
fixed—-end moments due to prestress in member I are 
functions only of its cable curve parameters and 


may be expressed as follows: 


These fixed—end moments for the various members in 


the rigid structure are balanced by moment distri- 


= 
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bution. A “Direct Method of Moment Distribution" 
if possible, is preferable.* The resulting 
balanced moments at the joints are (for example at 
the left terminal of member I): 
an”), = q (FP, ef, 


en, eit ) 


In general, the indeterminate prestressing moment at 
any joint of the structure is a function of all cable 


curve parameters in the structure; 


(3) The prestressing moment (for example, 
at any section in member I) is expressed in terms 
of the cable parameters by combining the determinate 
prestressing moment, ul, at that section with the 


corresponding indeterminate prestressing moment, 
)ge the prestressing thrust eccentricity, 


eiJ, 4s obtained by dividing the section prestressing 


moment by the corresponding prestressing force. Or 
for section j in member I: 


op = ul + ald), = + (add), 


* "A DIRECT METHOD OF MOMENT 
DISTRIBUTION", A.S.C.E. 
Vol. 102, 
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(4) The expressions for the prestressing 
thrust eccentricities of step (3) are equated to 
those evaluated in step (1) for their respective 
sections. The resulting simltaneous equations are 
solved and the actual cable curve parameters are ob- 
tained. This allows plotting of the actual cable 
curves. The number of simultaneous equations equals 
the number of cable curve parameters for the struc- 


ture. The form of the similtaneous equation is; 


The number of equations may be large, depending upon 
the type and dimensions of the structure. However, 
the solutions may be readily obtained by successive 


approximations, as discussed in Appendix "B", 


(g) CHECK - 
(1) The check is that the resultant thrust 
eccentricities must at all times be within the kern 


limits of any section for zero tensile stress; 
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pity 


(2) The assumed value of 7 is checked by 
obtaining an average concrete stress along the cable 
centroid and computing the shrinkage of the concrete 
and the creep of the concrete and steel indicating 
the resulting loss of steel strain. Recommendations 
are available for the shrinkage and creep of con- 


crete.* 


IV - PRESTRESSED MONOLITHIC FRAME DESIGN 

A design load of 17.5 kips was selected to ini- 
tiate the frame design with a working stress of 0.45 x 
5000 psi = 2250 psi. The derived equations, used for 


the design, are based upon zero flexural tensile stresses. 


In addition, steel strains of approximately 4 x 1073 inch 


per inch for post-tensioning at a concrete age of three 
weeks leads to an assumption of FY = 0.8 for this 
design. 

Steps (a) and (b) of the proposed design proce- 
dure are similar to the familiar methods used in the de- 


sign of ordinary reinforced concrete continuous structures 


¥ FIRST REPORT ON PRESTRESSED 
CONCRETE Institution of 
Structural Engineers. 
London, Sept. 1951. 


and will therefore only be briefly outlined in this pre- 
sentation.* The magnitude of the bending moments at 

the critical sections III1, III5, II3, I5 and 
IL, as shown in Fig. 1, was determined for various com 


binatdions of the stiffness ratios ang 8. 


The moments for the above section were plotted versus 


for several values of 8 pu ° The stiff- 
9 
III 


ness ratios J72 = 1,00, and 8 I = 0,89 


zi 9 yl 
were adjudged to provide the least moment variation for 
the above sections and hence were selected to initiate 


the first design trial. 


FIRST DESIGN TRIAL - The required section mo- 
duli for the above sections were computed by use of 
Equation 1, Appendix A, neglecting the dead load mo- 
ments. The computations for M, moments in this 
connection were based upon the selected stiffness 
ratics with the 17.5 kip load and reactions as placed 
in Figs. 2, 3, 4 and 5. Rectangular cross-sections 


#CONTINUOUS CONCRETE BRIDGES 
Second Edition — Portland Cement 
Ass'n, Chicago, Ill. 


| 217-20 


were chosen for the frame members in order to reduce pour 
ing and instrumentation difficulties. The section moments 
of inertia were then computed, followed by the computation 


of the stiffness ratios. The new stiffnéss ratio yu was 
I 


found to be equal to 0.64, while the stiffness ratio 
zit 


I 
moduli required the following rectangular cross-sections: 


8 remained equal to 0.89. The computed section 
9 


Criti- 
cal Required Sectjon Width Depth 
Section Modulus — in. in. 


1 = = aga 9 
1 gil. 139 

1 gill. ay, 


The leg members were taken as 9 by 12 rather 
9 by 10 since a decrease in yiit 8 leads to 
Tu 9 
greater moment variation in member II. Table I was then 
prepared with the new stiffness ratio and selected sec- 


tions. 


SECOND DESIGN TRIAL - The constants kp, 


ky and © were computed for the sections of Fig. 1 
using the values of Table I.. These constants with the 
value of Z,=1 then determine the correct equations 


- 
ber 
12 
III 
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of Appendix A to be used in the further computation of 
section moduli. The significant results were: 


Critical Required Sec- 
Member Section tion Modulus Width j#$ Depth 


I 1 303 9025 u 
rrr 1 194 9.25 12 
Ir 1 152 9025 12 


The original dead load moments of Table I were 
changed after the "Second Trial" to correspond to a 
width increase in all members of 0.25 inches. The 
new values are shown in Table I with an asterisk. The 


moment diagrams are illustrated in Figs. 6 through 10. 
The "Third Trial" design was then performed using the 
new section dead load moments with the same live load 


moments (no change in stiffness ratios). 
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TABLE I 
DEAD LOAD MOMENTS FOR TRIALS 2 and 3 - Inch kips 


Member Section Mp) Mp2 
I 1 - 31.5 * + 98.8 * 
- 30.7 + 96.1 
2 - 30.5 * + 65.0 * 
2967 > 63.2 


3 - 27.4 * + 33.0 * 
26.7 + 3262 

21.9 + 3.2 
15.3 = 2h, ol, 
- 49.1 * * 
47-8 + 12.6 


= 2307 ¢ 73 
2361 + Tel 


- 12.2 * * 11 * 
= 11.8 + 1.1 


+ 10.8 * - 18.1 * 
+ 10.6 17.6 


+ 33.8 * ate 373 * 
32.9 36.3 


1.8 * + 15.1 * 
1.7 + 14.6 


0.9 * * 
0.9 + 13.8 
1.8 * * 
1.8 1li.1 
6.2 * + 71 * 
6,0 + 6.9 


12.1 * lel * 
- 11.8 * 1.1 


* Figures with asterisk show revised 
D.L. Moments for Sections 91/4" wide. 
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TABLE I (continued) 
LIVE LOAD MOMENTS FOR TRIALS 2 and 3 - Inch kips 


Member section Mig 
I 1 58.8 96.5 96.5 + 382.6 
58.8 129.5 6365 + 26h406 
58.8 162.5 30.5 + 1464 
58.8 -189.8 + 2.5 + 28.3 
58.8 228.5 3545 89.9 

- 210.0 355.3 6407 0 

- 105.0 =-177.7 =- 32.3 0 


176.4 8.0 3h ol, 131.7 
- 12.6 594 * 3362 -110.9 
+ 126.8 + 100,2 89.9 


21.2 21.2 + 340.8 
17.9 2405 + 222.8 
14.6 2708 + 10406 
11.3 31.1 13 4 


8.0 3heh 13167 


2 
3 
4 
5 
6 
7 
1 
2 
3 
1 
2 
3 
4 
5 


Irt + 296.1 

178.0 = 

¢ 59.8 

58.3 
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F4 151.2 in.k 


210.0 in.k | 


17.5 kips in.k 


Mio 


FIGS, 6, 7; 8 - LeLe MOMENTS , Trial No. 360 
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1764 in.k hs 17.5 kips Fall 16 ok in. k 
ine 
| 
151.2 in.k 58.8 ink 
8.75 kips 210 in.k S.75 kine 
= | 
14.8 kips 126.8 [435.5 in.k 
kips 
355.3 inek 64.7 Anck 
131.7 in.k 17.5 kips 131.7 
= ile 
= M3 = 
4 382.6 
= lin i: 
89.9 ok 17.5 gkips ink 


FIGS, 9, 10 -D.L. MOMENTS, Trial No. 3. 


7 
1.1 in 98.8 in.k lel in.k 
SSL 
5el 
al 
= 
37.3 ink V ps 37 in.k 
2404 2404 ink 
12.2 in.k 12.2 in.k 
4 
ev e 
=a 
: in.k 33.8 3.1 in.k 
24°5 
49-1 in.k 491 in.k 
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THIRD DESIGN TRIAL = This is the final design 
for the section properties if the results of this trial 
substantially agree with the results of the previous trial. 
The numerical computations are illustrated in this design 
trial to assist in understanding the application of the 

_ Appendix "A" equations. The computations follow (use 
Table I moments): 
MEMBER I 
(a) Section 

My, = + 382.6 in. kips 
- kyl = ~ 96.50 in. kips ky = 0.252 
My = + 98.80 in. kips 
- kp = - 31.50 in. kips kp = 0.319 


of = 382.62 = 3.88 
98.80 


Z. % 1 for the chosen symmetrical section, 


ky + ky > 


<> 


(4-7) (Lee) 

+ (kp ky) (92,-1) > 0 
Therefore, use (b) equations of Case l. 

Required 


+ 
0.85 x 2.25 


= 308 in’ 
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The section of Trial Design No. 2, b= 9.25 in. 
and h«14.04n., with 2) = 303 in’, is 
adopted for member I. 


From equation (3), Appendix "A": 


FI 129.5 [98.8 (1.319) + 362.6 (1.252)] = 
085) (612) 


= 153 kips 


From equation (4) the lower limit of ent is: 


= _ 382.6 + 96.8 + 30) = - 1.36 in. 
085 x 153 129.5 
The upper limit coincides with the lower limit of 
- 1.38 in., that is, ep is uniquely determined 
at sections when the required F,, based upon 
the section, is used. 


(b) Section 5 
yo = pa. = 153 kips; the prestressing force is 
assumed constant along 
the member.* 


* The prestressing force does not necessarily need to 
be assumed constant. If there is a variation of pre- 
stressing force due to frictional losses, the pre- 
stressing thrust eccentricity limits may be fixed by 
the force at its section. However, the required pre- 
stressing force must be developed at the critica. 
sections, such as Il. 
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My, = 228.5 in. kips 

= ky My, = + 35.5 in. kips kr, = 0.155 

Mp = - 15.2 in. kips 

= - 2404 in. kips kp = 1.61 

Section required at 1 is adequate for moments of 
Section 5. 


From equations (4) and (5), Appendix "A", the limits 
I5 
T 


for e 


Upper limit = + 15,2 +. 228 2634 eta 0.47 in. 
(.85) (153) 
Lower limit = + bd + 2634 s ¢ 2624 in. 
(285) (153) 


are: 


(c) Section 6 
6 
M, = 35523 in. kips 
Mp = - 49.10 in. kips 
= 0 


~- kpM = + 12.9 in. kips 


* When My < 0 and are inter 
changed in equations (4) and (5). 


Section required at 1 is adequate for moments 


of section 6. 


From equations (4) and (5), Appendix "A", the 
limits for oro are: 


Upper limit = 355.3 +491 302 = 
130 129.5 


3e1l — 2.33 = + 0.77 in. 
Lower limit = _ 12,9 + 302 = 
130 129.5 
+ 2634 s+ in. 


The prestressing thrust eccentricities at sections 5 and 
6 of member I mst be equal, hence: 
ing op sey + 2.24 in, 


MEMBER ILI 
(a) Section 
M, = + 340.8 in. kips 
- kyM = - 21.2 in. kips ky, = 2062 
Mp = + 15.0 in. kips 
kp = - 1.79 in. kips kp = 212 


22.6 ky > 0 > -1 
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kp + o ky, > 0 
and (2. (1 +e) 
* (kp +e kp) (7 Z,-1)>03 
Therefore, use Case I (b) equations. 


From equations (6) and (7) of Case I (b) in Appendix A: 


15.0 (1 985 x + 340.8 (1 + x 062) 
1.92 


= 196 in? 
Use 9.25 in. x 12 ine with 290 


From equation (3) Appendix A; 
15 (1 = 412) + 340.8 (1,062)] = 111 kips 
085) (444 


From equations (4) and (5) in Appendix A, the limits of 


are: 


Upper limit = _ = — 3.78 + 2.0 
085) (111 


1.78 in. 
Lower limit (check) = + 21,2 - 1,79 — 2.00 
94 


=+ 0.21 -2,00= - 1.79 in. 


Again the upper and lower limits nearly coincide, since 
the section modulus used is near that required. 
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(>) Section 5 
My, 17604 in. kips ky = 0 
Mp Se 12.2 
kyl = * Kp = 209 


The limits of the prestressing thrust eccentricity 
are obtained by use of equations (4) and (5) of 


Appendix 4, They are, for ep : 


Lower limit = + 176.4+12,2- 222 = 0 
94, 111 


Upper limit = - 1,1 + 2,00= +1.99 in. 
94, 


Hence 0O < eal <= +1.99 


MEMBER II 
Section 3 
My = + 151.2 in. kips 
Mp = * 33.8 in. kips 
kph, = 89.9 in. kips ky = 0.594 
- kpMp = - 37.3 in. kips ky = 1.10 
of = 447 
kp > O ) and (2,-4) 
1 (kp + < k,)- 
(1 2,-1) > 0 
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Hence use Case I (b) equations. 


Required 
8 + 8 10) + 151.2 (1 + .85 x 


= 153 in 
Use same section as Member III, gu = 222 in? 


From equation (3): 


(3398 (241) 15202 (1 = 92 kips 
0685 


Hence, from equations (4) and (5), the limits of 


are: 


_ 33,8 + 15142 + 222 
92 x 0,85 111 


Outer or 
Upper limit 


= = 2.37 + 2,00 = = 0,37 wn 


Inner or ) (check) 


= 3723 + $9.88 = 2,00 


1.63 - 2,.00= 0.37 in 


(b) Section 1 
My = - 176.4 in. kips 
Mp = - 12.1 in. kips 
ky, = 0 
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Lower limit ) 92 x 0285 


= kp = + 1.08 kp = 0.09 
put Kips FIL, 78,2 kips 


° 


Fram equations (4) and (5) of Appendix A, the 


12,1 + 17604 222 
78.2 111 


r 
1,08 + 2,00= + 2,00 in, 
78.2 


+ O41 ot = 2,00 


This campletes the determination of the sec- 
tion moduli, prestressing forces and limits of prestress- 
ing thrust eccentricities, The remaining problem is 
that of calculating the exact cable location compatible 
with the computed prestressing thrust eccentricities, 


limits are: 
Upper 
Outer 
or 
Inne 
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Determination of Cable Ordinates 


The prestressing moments approximately follow the 
shape of the cables, and since prestressing moments must 
counteract the live and dead load moments as far as pos- 
sible, the moment diagrams in Figures 6 through 10 indi- 
cate that the prestressing cables should have such 
shapes as shown in the following figure: 
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jut III 
eit 
Ir g Ir 
I5e bal 
e a 
I 
FIGURE 11 


A third degree parabola symmetrical about the 
centerline was chosen to represent the cable curve in 
member III, The equation for the cable curve from 
section IID. to III5 is: 

2 


-2 + x 


where x is the independent variable measured from sec- 


tion ITT, and a= 54 inches. 


A similar curve was chosen for member I be- 
tween the center-lines of the leg members II. The 
equation for the cable curve from section TL to I5 is: 

a’ 
where x is the independent variable measured from sec- 
tion IL, and a = 54 inches, 

The moments in member I outside the leg members 
vary linearly to zero, thus making feasible a straight 
cable in these sections. Straight cables were selected 
for the legs (member II) since all moments applied to 
these members vary linearly. Thus the diagram of Fig. 1 
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represents the cable locations with the chosen cable 
The fixed end moments for the members were then ex- 
pressed as functions of these parameters, assuming the 
prestressing force constant throughout the member. The 
fixed end moment sign convention, for these equations, 
is that clockwise moments acting upon joints are posi- 
tive. The parameters, cable ordinates, are positive as 


illustrated in Fig. 11. The fixed end moments for 


these ma curves are: 
(F.EM.) - fe 


(F.E.M. 
= 


(F.E.M. 


wo 


These fixed end moments due to prestressing were then 
balanced by ordinary moment distribution. The re- 


sults are: 


2 
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BALANCED END MOMENTS DUE TO PRESTRESSING 


+,050 et 571099 pil 
= +4329 
III5 
+ .099 
pl 
(eo - 
+158 
27 
4459 
0158 et 
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The computation of the prestressing moment at 
any section was then possible. The prestressing moments 
at the sections considered in the design were then com 
puted. Moments producing tension on the inside fibers 
of the frame or in the bottom fibers of the cantilever 


are now considered positive. The equations are: 


° 
+ gill!) - ose 
+ 046 Ft 


= 105 FE of + oll) 1099 


Meo? = FET (,67 153 .050 


15 
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+ 


When the ratio » Me: + is considered con- 
stant for all members of the structure, the prestressing 
moments M, are equal to 7 M,. In this case, the 
prestressing thrust eccentricities are identical before 
and after the losses in prestressing forces. This as- 
sumption of constant y was made for the frame under 
consideration. The equations for the prestressing 
moments when divided by the corresponding prestressing 
forces determined the prestressing thrust eccentricities 
at the respective sections. This operation, after sub- 
stitution of the numerical values of the prestressing 


forces, results in the following equations: 


0445 + 0645 0 0454 


= 0.16 + 0,10 0,10 


= + 0,08 0.083 et + 0,099 


+ 0.66 0,40 + 0.40 
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= + 0,069 = 0,069 + 0,083 


0,28 - 0,33 elit 0,67 qin 


= ” for the cantilever. 


In the above equations, the influence of the 
cable ordinate at any of the designed sections upon the 
thrust eccentricity of other designed sections is es- 
tablished. 

The design requirements as previously es— 


tablished are: 


0.41 


7 
er 
er 
0.37 
 < 2.00 
< < 1.99 
- 1.78 
ex! 1.38 
+ 0.77 < ep < + 2.24 
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In order to facilitate the determination of the 


required cable ordinates, the values of on and 


on were selected and used with the unique values at the 


other sections. Hence: 


0.45 + 0645 = 0.54 ~ 0,16 


- 0,08 eu + 0,10 0.66 et 


115 


0.08 e 


0.40 + = + 1,10 


0.07 0.07 + 0,08 ef 0,28 


95,00 


0.67 e 0.92 


= 0,27 el - 0.73 + 0,28 - 0,10 gt 


+ 0,06 0,06 . . 1.38 


@ = 1.35 


Successive approximations were used to obtain 


a solution to this set of equations. The results were: 


or = = 
op = + 
er = + 
- 
oT 
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2.70 in. 


= -1,24 In. 


= ¢1,35 


It should again be noted that the cable or 
dinate signs, as indicated above, are positive when the 
prestressing force produces tension on the inside fibers. 
These ordinates are substituted as positive values in 
the cable curve equations since the results are in 
agreement with the original sketch of the cable locations 
of Fig. ll. The values of the cable ordinates and the 
prestressing thrust eccentricities are illustrated in 
Table II. 


= 0.13 
= 0 
= 0 
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TABLE II 
CABLE ORDINATES AND PRESTRESSING THRUST ECCENTRICITY 


Cable or 


(Cor 
S ted 


1 + 1.24 15 = 1628 
+ 0.84 
- 15 


6 
7 
1 
2 
3 
1 
2 
3 
4 
5 


I 1.39 

099 

+ 79 

5 = 1.36 = ol5 + 1.36 + 1.21 

eal 1.36 0 + 1.36 + 1.36 

= 1,02 0 + 1,02 + 1,02 

II 0 + 1.10 0 + 1.10 

+ 206 42 206 + 236 

? 25 - 13 - 

7 III - 2,70 + .92 - 2.70 - 1.79 

- 2.28 + .92 - 2.28 - 1.37 

- 1.31 + .92 - 1.31 - 40 

/ 0 + .92 0 + .92 
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The resultant thrust eccentricities before and 
after losses (creep and shrinkage) were readily deter— 
mined and are listed in Tables III and IV. 

The check upon the assumed loss of prestressing 
force may be accomplished with the following equation 


(for example, member I): 
pl 


fe) 


( ald 


Cc 


+E, f, S, Eg 


fs 


where 5S, = shrinkage of concrete in inches/inch 
C, = creep of concrete per psi stress-in/in. 


Cy = creep of steel per psi stress -in/in. 


This check was performed for the various members for all 
possible loadings and an average stress in the concrete 
adjacent to the steel © was computed. This highest 
average & for the various loadings was used in the 
calculations. The steel considered for the post- 
tensioning of the frame exhibited no creep at 120,000 


Check 
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= 0, and EB, of 30x10° psi, Linear creep 


and shrinkage factors were assumed in accordance with 
those recommended in the "First Report on Prestressed Con- 
crete" .* The results of these calculations are: 


Member I 
1-7 = 20x 10° 
120,000 


(.3x 10° (1260) + ,0002 
( avere 


e145 % 15%, which agrees with the 
selected value. 


SFIRST REPORT ON PRESTRESSED 
CONCRETE" = Institution of 
Structural Engineers - p.12. 
London. Sept. 1951. 


0, 
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1-9 = 


30 x 10° 


120,000 


[ 3x10 (850), + 


0115 126, or less than the assumed. 
This is to be expected since the legs 


were over-designed, increasing the 
depth from 10.5 to 12 inches, 


30 x 10° 
120,000 


{ 3x10 (1160) + ,.0002) 


0138 =% 14%, which again approxi- 
mately agrees with the selected 


value, 


Member IT 
Member III 
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TABLE III 
RESULTANT THRUST ECCENTRICITIES BEFORE LOSSES 


™ CRo * 


Mp, 


Fo 


1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
1 
2 
3 
4 
5 


Mem- Sec- = be... Kern 
“ber tion * Or * 
I -1.98 =-2.23 +¢1.77 + 2.33 
1.57 2-04 1.61 + 1.17 
= 260 1.28 41 + 1.14 
+ 226 = 60 266 + 1,00 
+ 73 39 +1634 + 46 
034 = 1.28 + 261 + 1.28 bad 
+ 19 = + 65 + 
II 95 + ,88 + .59 - 32 + 2,00 
+1.63 +1.37 +1.09 -1.76 ad 
+ o91 1.98 1.97 + 1.43 
+ .23 -1.54 -158 + .78 " 
+ el2 = 055 264 + 265 
280 + Py + 49 027 
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TABLE IV 


RESULTANT THRUST ECCENTRICITIES AFTER LOSSES 
WITH 77 = 0.85 


+ 2,32 
+ 1.55 
+ 1.34 
+ 1.03 
+ 33 
+ 1.26 
+ 97 
057 
+ 


+ 


1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
1 
2 
3 
4 
5 


I - 2,07 2.36 - 2636 > 233 
1.67 2.648 1.71 " 
069 1.49 047 ad 
17 Gh * ad 
+ 264, = 267 1.36 
+ 005 053 + 059 

II 1.31 + 285 + 2.00 
+ 206 + 98 263 © 
+ .8l1 + 49 

III 1.39 - 2,00 2,00 " | 
.53 - 1.55 1.66 1.16 n 
- .20 .30 + .09 + 
- 1.09 * .71 + 43 47 
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This completes the design of the monolithic 
frame, post-tensioned. It may be noted that the shear 
stresses when combined with the compressive stresses re- 
sulted in tensile stresses of less than 80 psi. Thus no 
stirrups were used. This calculation of maximum tensile 
stress is approximate, since there is no exact method of 
determining the stress distribution at the corners. It 
may also be noted that the computation of the end block 
stresses is omitted. Again the stress distribution is 
in question, and field experience with different tension- 
ing methods and end blocks vary the solutions to this 
problem. 

No allowances for frictional or transfer 
losses of steel stress were made in the design proce- 
dure. These problems have solutions in field 
technique. For example, the steel for post-tensioning 
the frame was initially over—stressed approximately Ten 


Per Cent to compensate for transfer and frictional 


losses. For long span structures, sliding bearing 
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blocks may be inserted at strategic points to alleviate 
frictional losses.* 


CONCLUSIONS 

The design procedure presented is relatively 
simple. The assumed stress conditions and resulting 
equations considerably reduce the labor of design. The 
equations are based upon zero allowable flexural tensile 
stresses; however, it has been observed that consider- 
able economy may be effected by allowing tensile stresses 
of small magnitude. Equations allowing such stresses 
have been developed since the monolithic frame design. 

Ultimate loads are well defined for deter- 
minate prestressed concrete structures** and may be used 
for defining section geometry and safety factors. This 
is not the case, however, for indeterminate prestressed 
concrete structures. Thus the ultimate loads of the 
frame could not be computed for this frame with a reason- 


able degree of accuracy. 


#LEQNHARDT, Fritz — "Continuous Prestressed 
Concrete Beams". Jour. AeC.I. March 1953. 


*HABELES, P.W. —- "The Use of High Strength 
Steel in Ordinary Reinforced and Pre- 
stressed Concrete Beams". Fourth Congress- 
Internat'l Ass'n for Bridge & Structural 
Engineering. 1952. 


217-51 


The monolithic frame design in this paper does 
not represent a feasible application of prestressed con=- 
crete. However, this frame represented an experimental 
construction for test purposes, and as such well suited 
the original purposes. It does illustrate, in conjunction 
with the equations, the effect of reverse moments at one 
section of a member. The frame, when compared to ordinary 
concrete construction, represents a considerable saving of 
steel and concrete. However, it is doubtful that a 
structure of this type could economically compete with 
ordinary reinforced concrete construction. Thus it ap- 
pears improbable that this method of construction would be 
adopted for rigid frames of multi-story buildings. This 
is not the situation for bridges or such structures of long 
spans with little or no reversing of moments at any one 
section. 

It is of interest to mention certain results of 


the monolithic frame tests in connection with conclusions 


regarding the design assumptions. The first is that the 


experimentally determined prestressing and live load 
moment distributions agreed extremely well with the calcu- 
lated distributions. This agreement continued even with 
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cracked sections in the frame — that is, the ratio of 
stiffnesses remained approximately constant up to a 

50 kip load. The ultimate load of the frame was 58 kips 
or 3.3 times the design live load for My5 loading. 


The assumption of zero tensile stress and a compressive 


stress of 0.45 c appeared to lead to an adequate 


safety factor. 

The assumption of 7 equal to 0.85 was ex- 
perimentally verified for members I and III. Creep 
measurements were made over a period of three months and 
the losses were approximately Ten to Thirteen Per Cent. 
Since most of the creep takes place within the first two 
weeks of poststress, these results tend to corroborate 
the design assumptions. 

No frictional losses were apparent in members 
II and III, while some loss was apparent at section 1 of 
member I, 

As mentioned, no steel was used to reinforce the 
frame for tensile stresses induced through shear, and no 
"diagonal tension" failure occurred when the frame was 


tested. 
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In general, these conclusions regarding the 
monolithic frame construction and tests confirm the de- 


sign assumptions. In addition, the frame design il- 


lustrates the suggested procedure as being a relatively 


rapid method of designing indeterminate prestressed 


concrete structures. 
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APPENDIX A 
DESIGN EQUATIONS 


These equations are presented as the final re- 
sults as derived from equilibrium and the illustrated 
stress conditions. The equations from one of four cases 
are used to determine the values of 4, 2%, F, and 
er. The case to be used is uniquely determined from 
relationships involving the ratios of moments kp*, k,** 
and of ,. Within each case are two sets of equations 
whose use depends upon the additional ratio of section 
moduli, Zp. The section moduli ratio may be assumed 
and the assumption checked with calculations. In many 
instances the ratio of section moduli is known and the 
values of 2, 2%, F, and ¢p are then uniquely de- 
termined consistent with stress camditions of Figure 12, 


The equations follow: 


* kp = - 1 in all cases when Mp 
does not change. 


ky = 0 in all cases when My 
does not change sign. 


217-55 


Condition I Condition II 


After Creep After Creep 


Condition III Condition IV 
Before Creep Before Creep 


FIG, 12 — STRESS CONDITIONS For Live and 
Dead Load Moments of Varying Sign. 


My + My 
“ky 
Re- 
b F 
| 
fio 
D 
er 
F., 
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It may be shown that when: 
Ky + ky > O then foo > 
and and fro > f, 


In addition, determine if: 
(2-1) (1 +0) 
(a) <0; then < 
(b) >0O; then foo < 


(a) (2-9) (1+ <) 
* (kp + 4-1) <0 
foo > 


Hence equate foo top and 


My (M+ ky) + kp) (2) 
4 lop 


My (4 kp) + (4 * ky) tee 
Fi =A, (Mp (1 * kp) + My (1 o 


CASE I: 
= 0 
foo 
| fi, 
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ep = * = Lower limit... (4) 


= + ky, op = Upper limit ....-. (5) 
and: 
(1+ 
+ (kp + kt) (72-1) >0; > fh, 


Hence fro = top 


= My (lL + kp) +My (1+ (6) 
= (My (1 + (L+H (7) 


*ep 
Again use equations (4) and (5) for limits of ep. 


Use equation (3) with equations (6) and (7) for 
determination of Foe 


If kp +eck, >0) then > fon 
and 1 then fy > 


= 
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The following equation is for determining the 


greater stress: 


= 2,) (#1) + (L= (ky S 0 
fro > 


> ‘bo 


(a) > ft, 5 fro Lop 
%, from equation (1). 


Z = Mp (L* kp) +My (lL + ky) ee (8) 


Use equations (4) and (5) for the limits 
of ere 
Use equation (3) with equations (1) and 


(8) for evaluating Foe 


= Mp (2 + kp) + My (1 + ky) 
top 


=Z Mp kp) (1+ ky) (10) 
4 r D L 


Sep 
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CASE III: 


If kp +k, <0 then fon > fo 
and for 1 then feo > fen 


(2-9) (1 +0¢) 
(2, 1) (kp + ky) 0 


(bo) <0; > ft 


feo > tte Lop 


Use all equations given in CASE I (b). 


fon > feo Lop 


Use equation (9) replacing Z by 4. 


Mp (1 + kp) + My (1 + k,) 6 


| 
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Use equations (4) and (5) for limits of ene 


GASE IV: 
If kp + 7 then fo, > 
and for then fen > fi, 


For Z, < 1; 


> fen > toy 


(a) ton 3 tn = 


Use equation (9) for %. 


Z = Mp (1 + kp) + My (1+ ky) ee (1) 


+ 
| 
A, f, 
+1) 
| Use equations (4) and (5) for limits of em. - 
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Use equation (9) replacing Z% by %.- 


Z% Mp (L + kp) +My (1+ ky) (16) 


top 


Use equation (13) for F,. 


Use equations (4) and (5) for limits of em. 


(b) fop > ; 
| 
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APPENDIX B 


The simltaneous equations: 
on = as), 


upon substitution of the values of the indeterminate 
moments assume the following form: 


Tj 


eee 


Ilj , ary 


It should be noted that the coefficients 
ai; denote the influence of the determinate pre- 
stressing moment Fup at section p of 
member II, as denoted by the superscript, on the thrust 
eccentricity at section j of member I, denoted by the 


subscript. In most cases the coefficient al is 


much larger than the other coefficients and a first ap- 
proximation for the cable ordinates may be obtained 
from the following expressions: 
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— 
cee 
| 


The above values are substituted in the equations for 
the thrust eccentricities and values ... (end)s eeee 
are obtained. 


In most cases the values ot are 
chosen arbitrarily consistent with the upper and lower 
limits of the thrust eccentricities as determined from 
the equations of Appendix A, In several design 
examples on continuous prestressed concrete structures, 
it was found that the majority of the values (ed)! ... 
were between the required limits. Depen- 
ding upon the case, several of the first approximation 


values (et): are adjusted and a new set of the thrust 


The procedure is repeated until all the thrust eccentri- 
cities are within the design requirements. Usually the 
second or third approximations render satisfactory re- 


(eM): old 
I 
(ett): = 
II 
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sults. The solution may be set up in a tabular form 
and the approximations are made by entering the alge- 
braic changes to the thrust eccentricities due to the 


successive adjustments of the cable ordinates. A set 


of fifteen equations may readily be solved in a 
matter of two hours by this method. 
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